The effects of thyroid hormone, androgen, glucocorticoid, and mineralocorticoid on Na+,K+-AT€%e activity and on levels of its a-subunit protein (a1 isoform) in mouse submandibular gland (SMG) were studied by enzyme assay for ouabainsensitive ATP hydrolysis, by quantitative densitometric scanning of Western blots, and by immunohistochemistry. To define the specific regulatory effects of various pituitarydependent hormones on expression of Na',K+-ATPase in the SMG, we treated hypophysectomized (hypox) male mice with triiodo-L-thyronine (T3), 5 a-dihydrotestosterone (DHT) , dexamethasone (Den), and aldosterone (Ald), injected singly or in combination. Na+,K+-ATPase was confined to the duct system of the SMG. In intact mice there was a gender &rence in SMG Na',K+-ATPase, with levels of the enzyme's activity and of its a1-subunit being less in the glands of d e s . In males, hypophysectomy caused a rise in levels of Na+,K+-ATPase activity and in levels of the al-subunit protein of this enzyme, and in intensity of immunocytochemical staining for this subunit but there were no such changes in the SMG of hypox females. Changes caused by hormonal replacement to hypox males in Na+,K+-ATPase activity, lev-Correspondence to: els of its al-subunit, or the intensity of immunocytochemical staining for this subunit were complex. Ald had no effect. T3 or dexamethasone, given alone, induced Na+,K+-ATPase activity above control values (hypox males) and increased levels of its al-subunit protein and immunohistochemical staining for this subunit. By contrast, DHT did not cause a dedine in any ofthese parameters. However, when treatment with T3 was combined with administration of Dex or DHT, enzymatic activity of Na+,K+-ATPase decreased but levels of the al-subunit protein and immunohistochemical staining for this subunit increased. Therefore, inductions of the al-subunit of this enzyme are not always correlated with increases in levels of activity of Na+,K+-ATPase, and we propose that both enzymatic and immunochemical analyses are essential for evaluation of hormonal regulation of Na+,K+-ATPase in salivary gland and in other tissues. (JHistocbem cytochem &: [703][704][705][706][707][708][709][710][711] 1996) 
Introduction
The enzyme Na',K'-ATPase is a ubiquitous membrane-bound enzyme that uses the energy released from ATP hydrolysis to maintain osmotic balance and to produce an electrochemical gradient of Na' and K+ across the plasma membrane (Skou, 1988) . The enzyme not only maintains the membrane potential of excitable neural and muscle cells but also is involved in reabsorption of Na' in the firmed the localization of this enzyme in basolateral membranes of these salivary ducts (Simson and Chao, 1994; Winston et al., 1988; Iwano et al., 1987) .
Moreover, activity of this enzyme in granular convoluted tubule (GCT) cells of the SMG is under multihormonal control (Sims-Sampson et al., 1984) . The SMGs of the untreated male mice or of females given testosterone showed weaker staining than those of untreated females, owing to diminished reactivity in androgenstimulated GCT cells and to a decreased number of striated ducts. By contrast, in females treated with thyroid hormone, Na+,K'-ATPase activity was enhanced in all cell types, including hypertrophied GCT cells (Sims-Sampson et al., 1984; Avdalovic et al., 1973) . However, the specific effects of glucocorticoids or mineralocorticoids on SMG Na+,K+-ATPase have not been reported.
We have previously used hypophysectomized (hypox) male mice to define the effects of specific hormones, acting singly or in combination, on expression of epidermal growth factor (EGF) and proteinases of the kallikrein gene family in GCT cells (Maruyama et al., 1993; Hosoi et al., 1992) . In the present study the effects of steroid hormones and thyroid hormone on Na+,K+-ATPase activity and expression of its al-subunit protein in the SMG of hypox mice were investigated. Hormonally induced changes in the Na',K+-ATPase al-subunit protein level did not always parallel changes in this enzyme's activity.
Materials and Methods
Animals and Treatments. Male and female ICR mice, 6 weeks of age and of approximately 30 g body weight, were purchased from Japan Clea (Tokyo, Japan). Each of the following groups consisted of four animals. One group of each sex was kept in our breeding facility under standard conditions, and served as intact mice (untreated animals); the other mice were sent to Teikoku-Hormone (Kanagawa, Japan) for hypophysectomy (hypox) via the auditory canal under pentobarbital anesthesia. The hypox mice were returned to our facilities and maintained under standard laboratory conditions for 28 days before hormone treatments were begun.
The various hormones were prepared and administered as follows. DHT (Sa-dihydrotestosterone, 6 mglml), Dex (dexamethasone, 3 mglml), and Ald (aldosterone, 1 mg/ml) were dissolved in sesame oil; T3 (triiodo-Lthyronine, 0.3 mglml) was suspended in 0.9% NaCl and solubilized by addition of NaOH to a final concentration of 0.005 N. Hormones were injected sc singly or in combination, every other day for 9 days (five times) at the following doses: DHT 20 mg/kg; Dex 10 mglkg; Ald 3 mg/kg; T3 1 mg/kg. Mice were sacrificed 48 hr after the last injection; they were fasted for 24 hr before sacrifice. The submandibular glands (SMGs) were freed from all surrounding tissues and removed. One SMG of each mouse was used for assay of protein content, Na',K'-ATPase activity, and Western blot analysis of al-subunit protein. The other gland was cut into small pieces and processed for morphological study. The completeness of the hypophysectomy was verified at autopsy by visual inspection of the sella turcica under a dissecting microscope. NaCI, 20 mM KCI. 5 mM MgCIz, 5 mM ATP, and 10 mM imidazole (pH 7.8). Samples were incubated at 37'C for 10 or 20 min and the reaction was stopped by addition of 500 pl of 35% trichloroacetic acid. The inorganic phosphate liberated (total ATPase activity) was measured by the procedure of Fiske and Subbarow (1925) . Ouabain-insensitive ATPase activity was measured in the same way, except that the reaction mixture contained 2 mM ouabain Uergensen, 1974) . The ouabain-sensitive ATPase activity calculated from the two assays was considered as Na',K'-ATPase. One unit (U) of Na',K'-ATPase activity was defined as production of 1 p o l e of inorganic phosphatelmin.
Protein amounts were determined with a Bio-Rad (Richmond, CA) ptotein assay kit, with bovine serum albumin as the standard (Bradford, 1976) .
Preparation of Membrane-bound Na+,K'-ATPase from Rat Kidney.
Membrane-bound Na+,K'-ATPase was purified from rat kidneys by a modification of the method ofJ8rgensen (1974) . Ten percent homogenates of kidneys were prepared at 4°C in 0.25 M sucrose, 30 mM histidine (pH 7.2) in a glass homogenizer with a Teflon pestle (Potter-Elvehjem type). Each homogenate was centrifuged at 6000 x g for 15 min; the supernatant was isolated and then centrifuged at 48,000 x g for 30 min. The resulting microsomal pellet was suspended at a concentration of approximately 2 mg protedml in 50 mM imidazole, 2 mM EDTA (pH 7.5). and 0.08% sodium dodecyl sulfate (SDS). Membrane-bound Na+,K'-ATPase was then isolated by sucrose density gradient centrifugation by a modification of the method of JQrgensen (1974), as previously described (Kurihara et al., 1990) . A 15-ml aliquot of SDS-treated microsomes was loaded onto 20 ml of 10% sucrose containing 25 mM imidazole and 1 mM EDTA (pH 7.5) and centrifuged at 108,000 x g for 2 hr (RPS-40T swing rotor in a Hitachi 85G Ultracentrifuge). Membrane-bound Na',K'-ATPase was pelleted, whereas other proteins were released into the supernatant.
Preparation of Anti-rat a1 Antiserum. Preparation and characterization of rabbit polyclonal antibody against a1 isoform protein of Na',K+-ATPase are described in our previous reports (Kurihara et al.. 1990 ). The antibody was prepared against the a1 isoform protein purified from rat kidney. In this report, this antiserum is referred to as anti-rat a1 antiserum.
Western Blot Analysis. Samples of whole homogenates of mouse SMGs were incubated with 0.0625 M Tris-HC1 (pH 6.8), 2% SDS. and 0.25% 2-mercaptoethanol and then subjected to SDS-PAGE (5% acrylamide) (Laemmli, 1970) , and the electrophorectically separated proteins were transferred to nitrocellulose filters (Kupferer and Morris, 1980) , which were then probed immunochemically with anti-rat a1 antiserum. Filters were first blocked with 3% gelatin in TBS (20 mM Zis-HC1, pH 7.5. 500 mM NaCI) at 45°C for 45 min and then incubated with rabbit anti-rat a1 antiserum (1000-fold dilution with TBS containing 1% gelatin) at room temperature (RT) for 2 hr. After washing with TBS containing 0.05% Tween 20, the filters were incubated for 1 hr with 1:1000 goat anti-rabbit IgG, conjugated with horseradish peroxidase. Filters were then washed and finally exposed to peroxidase substrate solution (0.7 mM 3,3'-diaminobenzidine, 2.2 mM Hz02 in 50 mM Tris-HC1, pH 7.2). Homogenates of individual glands of all mice of each experimental group were analyzed. Levels of al-subunit protein were quantitated by computer image analysis measurement of the intensity of each band. Images on Western blot filters were scanned into a Macintosh Centris 650 computer with an Epsom Scanner, and the stored images were analyzed with the software program NIH Image.
Preparation of SMG Homogenates. Ten percent homogenates were prepared at 4°C in 0.25 M sucrose, 1 mM EDTA, 30 mM histidine (pH 7.2) 0.2% deoxycholate in a glass homogenizer with a Teflon pestle (Potter-Elvehjem type) and were stored at -80°C until use.
Morphological Analyses. Small pieces of the SMG from each mouse were fixed in Bouin's solution at RT for 4 hr, rinsed briefly in two changes of water, stored in 70% ethanol overnight, dehydrated in graded ethanols, cleared in xvlene. and embedded in Daraffin. Sections were cut at 6 wm Measurement of Na',K+-ATPase Activity and Protein Content. Na+.K'-ATPase activity was measured by the method ofJ8rgensen (1974). In brief, 5 pl of the full homogenate was mixed with the substrate solution and brought to a final volume of 500 pl to give final concentrations of 100 mM and mounted on gelatin-coated glass slides. Deparaffinized sections were exposed at 4'C in a moist chamber for 30 min to 10% normal horse serum to block nonspecific binding sites, and then overnight to either 1:1500 polyclonal rabbit anti-rat a1 antiserum (Kurihara et al.. 1990) or to 1:1500 nor-mal rabbit serum. Primary sera were diluted in 0.5% bovine serum albumin (BSA) in PBS. The immunohistochemical procedure was completed by an avidin-biotin-peroxidase procedure according to the manufacturer's instructions (Vector Labs; Burlingham, CA), using diaminobenzidine-4HCIIH202 as substrate (Graham and Karnovsky, 1966) . Sections were examined and photographed without counterstaining.
Statistical Analyses. Statistical analyses were done with a computer package (Microsoft Excel). Data are presented as means and standard deviations (means f SD). Levels of statistical significance of differences between means were calculated by a two-tailed Student's f-test.
Reagents. DHT, T3, Dex, Ald, ATP disodium salt, 3,3'-diaminobenzidine, and BSA were purchased from Sigma Chemical (St Louis, MO). Acrylamide and N,N-methylene-bir-acrylamide were obtained from Pharmacia Biotechnology (Uppsala, Sweden). Sucrose, histidine, SDS, and 2-mercaptoethanol were products of Wako Pure Chemical Industries (Osaka, Japan). Nitrocellulose filters were from Schleicher & Schuell (Dassel, Germany). Horseradish peroxidase-conjugated anti-rabbit IgG goat serum was procured from Seikagaku Kogyo (Tokyo, Japan). The ABC Kit for immunohistochemical staining was purchased from Vector Labs.
Results

Effects of Hypophysectomy
The success of the hypophysectomy was evident from the significant reduction in weights of the adrenal glands, seminal vesicles, and testes (data not shown). In addition, weights of the SMGs were significantly decreased by about 30% (data not shown), consistent with our previous studies (Maruyama et al., 1993; Hosoi et al., 1992) .
Changes in Na', K+-ATPase Enzymatic Activity
Levels of ouabain-insensitive Na+,K+-ATPase activity after deoxycholate treatment ranged from 7 to 18% of total enzymatic activity. 
0
Levels of total ATPase activity varied considerably among the various groups, but levels of ouabain-insensitive ATPase activity did not (data not shown), implying that most of the variation in total activity was due to changes in Na+,K+-ATPase activity.
Levels of enzymatic activity in the SMG of intact females were 2.2-fold higher than in glands of intact males (Figure 1 ). After hypophysectomy Na+ ,K+-ATPase activity increased significantly to 177% of levels in intact males but were unchanged in females.
In assessing the effects of hormonal replacement, changes in levels of enzymatic activity were compared to those seen in the hypox males, which are referred to hereafter as the control group (Figure 1) . After T3 treatment, Na',K+-ATPase activity rose significantly to 160% of control values. Treatment with Dex also significantly raised this enzyme's activity to 122% of control levels. However, DHT did not significantly decrease Na+,K+-ATPase activity to levels seen in intact males. Ald had no effect.
Surprisingly, when T3 was given together with either DHT or Dex, Na+,K+-ATPase activity was significantly reduced to 86% or 83Oh of control levels, respectively ( Figure 1 ). Moreover, when T3 was administered with Ald, levels of Na+,K+-ATPase activity were comparable to those seen after T3 alone, again suggesting that Ald is without effect on this enzyme's activity in the SMG. None of the other combined hormonal regimens resulted in increases in enzymatic activity in the gland (Figure 1 ). Trcatmcnt of hypox males with either T3 alonc or Dcx alonc increased al-subunit protcin levels by 147% and 131% of control values, respectively. comparablc to rhc incrcases in Na',K'-ATPasc activity after these treatments (Figures 49 and 5 ) . By contrast. DHT alone resulted in a dccline in levcls of this protein and Ald was tem of membranebound Na'.K'-ATPase (Lane 4) from rat kidney were resolved by SDS-PAGE. transferred to nitrocellulose membranes, and exposed to antiserum against the al-isoform protein of rat kidney Na-.K'-ATPase. A single immunoreactive band was detected in each lane (arrow). Protem molecular weight markers are shown on the left in kilodaltons (KD). 450 n Z 400 -3 i? 350 -Because the antiserum available for these studies was raised against the al-subunit protein of Na',K'-ATPase isolated from rat kidney. it wxs first necessary to determine that this antiserum shawcd monospecific crossreactivity with thcal-subunit of the mousc SMG. Western blot analysis was cmployed to dcmonstratc the monospccificity of the anti-rat al anriserum for the mouse al-subunit in intact and hypox animals (Figure 2) . In total homogcnatcs of SMGs of intact (Lane 1) or hypox (Lane 2 ) mice. or in microsomes (Lane 3) o r membrane-bound Na'.K'-ATPase (Lane 4) of rat kidncy, only a single hand of apparent molecular wcight 94 KD was drtccted. corresponding to the a1 protein of rat kidncy Na'.K'-ATPase as reported by Sweadncr and Gilkeson (1985) . These rcsults dcmonstraw that the antiscrum used in these studics is monospccific mouse SMG. (Figure 4B) . However. as seen in Figure 5 , comparable increases in Na',K'-ATPase activity were seen only after T3 combined with Ald. Therefore, there was a lack of correlation in the increases in lcvcls of Na*.K'-ATPase activity and Na',K'-ATPase al-subunit protein after these four hormonal regimens (Figure 5) .
Changes in
Immunohistochemical Localization of the al-subunit of Na+,K+-APase in Mouse SMGs
lmmunohiaochemical staining for the al-subunit of Na',K'-ATPasc was generally in clox agreement with the results of the Westem blot analyses. In the SMGs of intact males (Figure GA) Na'.K'-ATPase was strongest in basal infoldings of the striated ducts and excretory ducts, moderate in the basal membranes and in many lateral membranes of most granular convoluted tubule (GCT) cells, but absent from apical membranes of all duct cells. Intercalated ducts were weakly positivc and acinar basolateral membranes were wcakly positive or negative. as reported by others (Winston et al.. 1988) . In intact females (Figure 6B) , cellular immunoreactivity was the same, except that striated ducts were more abundant, and staining for Na',K'-ATPase al-subunit was stronger in the basolatcral mcmbrancs of GCT cells.
In hypox mice of either sex. the entire duct system was very strongly stained for the al-subunit and GCT cells were fully regressed (Figure GC) . In hypox male mice given DHT( Figure GD) . GCTcclls reappeared. lmmunostaining for Na*.K'-ATPase in GCT cells was weak and resembled that seen in intact males ( Figure GA) . Howcver. staining was strong in GCT cells of hypox males given T3 alone ( Figure 6E ) or Dcx alone ( Figure GF) . T3 in combination with other hormones (DHT. Dcx, or Dcx + Ald) showcd strong immunostaining for Na',K'-ATPase in all duct segments ( Figures  6G and 6H) . consistent with results of the Western blot anlayses.
Discussion
Na',K+-ATPase is a widely distributed enzyme whose expression andlor activity is regulated in a tissue-specific fashion by a variety of factors (Fambrough et al., 1994) . These regulators include pituitary-dependent and -independent hormones, peptide hormoncs. and neurotransmitters (e.g.. dopamine) (Gick et al., 1988) . In the mousc SMG, Na',K'-ATPase is largely confined to basolateral membranes of cxcrctory and striated duct cells and GCTcells (Winston et al., 1988; Sims-Sampson et al., 1984; Avdalovic et al., 1973) . Activity of Na'.K'-ATPase in these duct segments is decreased by androgens and increased by thyroid hormones (Sims-Sampson et al., 1984; Avdalovic et al., 1973) . Although hypophysectomy is known to cause regression of mouse and rat CCTs and loss of scv-era1 of the secreted biologically active proteins made by these cells (Hiramatsu et al., 1994; Maruyama et al., 1993; Hosoi et al., 1992) . there have been no reports about its effects on expression of mcmbranc-anchored Na',K'-ATPasc in this gland. The hypox mousc provides an excellent model to analyze cffccts of individual pituitary- 
Intact
Hypox Hypox male mice treated with various hormones dependent hormones, given singly or in combination, on expression of SMG proteins (Maruyama et al., 1993; Hosoi et al., 1992) . The gender difference in SMG Na',K'-ATPase detected histochemically by staining for ouabain-sensitive p-nitrophenylphosphatase (Sims-Sampson et al., 1984) was confirmed in this study by lower levels of Na',K+-ATPase enzymatic activity, al-subunit protein content, and less intense immunohistochemical staining in the glands of intact males compared to glands of females. Reductions after androgen administration in these measures of Na+,K'-ATPase in the glands of either intact females (Sims-Sampson et al., 1984) or hypox males imply that this gender difference is due to an inhibitory effect of male hormone on this enzyme's expression. However, androgen treatment of hypox males did not cause as great a reduction in Na+,K+-ATPase as seen by Sims-Sampson et al. (1984) when intact males or females were given DHT. Possibly, the full inhibitory effect of androgens is due to the cooperative action of some other factor(s) produced under the direct or indirect control of the pituitary itself.
In the glands of hypox males, levels of Na+,K'-ATPase enzymatic activity, al-subunit protein content, and immunohistochemical staining were all increased compared with intact males. The mechanism responsible for this increase can not be determined from our studies. It may be the result of removal of the inhibitory influence of testicular androgens on expression of Na+,K+-ATPase or to reduced rates of turnover of the enzyme (Fambrough et al., 1994) , resulting in a rise in the concentration of the enzyme in the regressed GCT system. Studies using nucleic acid probes (Stahl et al., 1993) are required to resolve these questions by establishing whether there are changes in transcription of the genes for the subunits of this enzyme complex. There was not as great a difference in these parameters between the glands of intact and hypox females, perhaps because the GCT system is much less developed and striated ducts are much more abundant in intact females than in males (Gresik, 1994) .
Both T3 and the glucocorticoid Dex individually increased Na',K+-ATPase enzymatic activity, al-subunit protein content, and immunohistochemical staining for this subunit in the glands of the hypox male. The stimulatory effect of T3 had been noted previously for Na',K'-ATPase activity in the SMG (Avdalovic et al., 1973; Sims-Sampson et al., 1984) and neonatal brain (Nomura et al., 1990) , and for transcription of mRNAs for subunits of Na+,K'-ATPase in several other tissues (Orlowski and Lingrel, 1990; Chaudhury et al., 1987) . Glucocorticoids stimulate the synthesis of secretory products of mouse GCT cells (Maruyama and Sato, 1.385; Sato et al., 1981) , and in this study were also found to increase Na+,K'-ATPase al-subunit in these cells. However, in the mouse SMG even supraphysiologic doses of Ald did not affect Na',K'-ATPase, even when Ald was given with other hormones.
Multihormonal regulation of Na+,K+-ATPase expression shows complex tissue-specific patterns that differ considerably from that seen in the mouse SMG. In the kidney, either Dex or Ald can elevate levels of Na+,K+-ATPase. Glucocorticoids stimulate Na+,K'-ATPase activity in both proximal and distal tubules and prevent declines in activity in kidneys of adrenalectomized animals. Either of these steroids can bind to the glucocorticoid or the mineralocorticoid receptor and activate gene transcription in the kidney (Furuse, 1989; Garg et al., 1985; Schmid et al., 1975) . Glucocorticoids and mineralocorticoids also regulate colon Na+,K'-ATPase (Bastl et al., 1989; Bridges et al., 1987; Foster et al., 1983) . but glucocorticoids can inhibit the effect of Ald (Bastl et al., 1992) . Moreover, in the KURIHARA, MARUYAMA, HOSOI, SATO, UEHA, GRESIK descending colon Dex upregulates Na+,K+-ATPase mRNA levels via Type I1 receptors, but Ald has no effect on levels of this transcript (Fuller and Verity, 1990) .
In the mouse SMG, increased levels of al-subunit protein, as detected by immunoblotting or by immunohistochemical staining, were not always paralleled by increased levels of Na+,K+-ATPase enzymatic activity. This lack of correlation was seen when hypox males were treated with DHT + Dex, or with T3 combined with DHT, or with Dex, or with Dex + Ald. It is well known that full activity of Na+,K'-ATPase requires proper association of its a-and b-subunits (Fambrough et al., 1994; Sweadner and Gilkeson, 198>) , although which type of the P-isoform is present in the mouse SMG is not known. In the present study, one possible explanation for the discrepancy between Na+,K+-ATPase activity and amounts of the al-subunit protein may be that the gene for the B-subunit was not induced to the same degree as that for the al-subunit by the hormonal regimens employed.
However, other explanations are possible, given the complex tissue-specific hormonal regulation of the various isoforms of Na',K'-ATPase, as noted above, and of their mRNAs, as seen, for example, in the heart and kidney. In rat cardiomyocytes, T3 induces expression of a2 and a 3 mRNA levels without changing the levels of a1 mRNA. However, Dex induces a2 mRNA, but specifically represses induction of a 3 mRNA by T3 (Orlowski and Lingrel, 1990) . Similarly, there is a lack of agreement between levels of protein and of the mRNA of the &subunit of Na+,K*-ATPase in the rat kidney, dependent on thyroid hormone status; this difference is due to post-translational regulation (Horowitz et al., 1990) .
Therefore, the various hormonal manipulations employed in the present study on the SMG may have resulted in complex changes in transcription, translation, and/or post-translational modification of the individual aand P-subunits of Na+,K*-ATPase, resulting in the observed discrepancies between levels of protein subunits, mRNAs, and enzymatic activity.
The present results clearly show that Na',K+-ATPase in the duct system of the mouse SMG is under complex multihormonal regulation by pituitary-dependent hormones. However, the pattern of responsiveness of this Na+,K'-ATPase differs from that of the secretory proteins of mouse GCT cells (Maruyama et al., 1993; Hosoi et al., 1992) . Therefore, although most of these exocrine proteins are increased in response to androgens, Na+,K'-ATPase decreases. In addition, combinations of hormones that elevated levels of secretory EGF or kallikrein-type proteinases had either no effect or lowered Na',K'-ATPase. Chritien (1977) had postulated an opposing apical-basal polarity in mouse GCT cells, proposing that the more secretory ''apical'' functions were developed, the less the "basolateral" salt-handling functions were expressed, and vice versa. Although this is true when androgens are given alone to intact males or females, an inverse relationship was not found when other hormones were given singly or in combination. This variable pattern of expression of GCT proteins implies that both the protein composition and the salt content of submandibular saliva are under complex multihormonal regulation.
